Purpose We compared simultaneous dual-radionuclide (DR) stress and rest myocardial perfusion imaging (MPI) with a novel solid-state cardiac camera and a conventional SPECT camera with separate stress and rest acquisitions. Methods Of 27 consecutive patients recruited, 24 (64.5± 11.8 years of age, 16 men) were injected with 74 MBq of 201 Tl (rest) and 250 MBq 99m Tc-MIBI (stress). Conventional MPI acquisition times for stress and rest are 21 min and 16 min, respectively. Rest 201 Tl for 6 min and simultaneous DR 15-min list mode gated scans were performed on a D-SPECT cardiac scanner. In 11 patients DR D-SPECT was performed first and in 13 patients conventional stress 99m Tc-MIBI SPECT imaging was performed followed by DR D-SPECT. The DR D-SPECT data were processed using a spill-over and scatter correction method. DR D-SPECT images were compared with rest 201 Tl D-SPECT and with conventional SPECT images by visual analysis employing the 17-segment model and a fivepoint scale (0 normal, 4 absent) to calculate the summed stress and rest scores. Image quality was assessed on a fourpoint scale (1 poor, 4 very good) and gut activity was assessed on a four-point scale (0 none, 3 high).
Introduction
Myocardial perfusion imaging (MPI) SPECT has a wellestablished role for diagnosis, prognosis and risk stratification in the management of patients with known or suspected coronary artery disease (CAD). Currently MPI is performed in two separate imaging sessions, at rest and after stress, and the two sets of images are compared to search for perfusion abnormalities. Whether 201 Tc-labelled radionuclides are used, this is a lengthy procedure, requiring about 40 min imaging time for the two sessions and usually a waiting time of about 3 hours between.
Recently the D-SPECT cardiac scanner (Spectrum Dynamics, Caesarea, Israel) was introduced (Fig. 1) . It is based on a novel detector design and acquisition geometry, as well as reconstruction algorithm [1] [2] [3] [4] . Briefly, nine pixelated solid-state detector columns with cadmium-zinc telluride (CZT) crystals and wide-angle tungsten collimators, combined with a novel image reconstruction algorithm, provide region of interest-centric scanning localized to the heart. The system is compact with a footprint of 177×170 cm. Daily QC involves a single practical 10-min acquisition using a 57 Co line source to check uniformity and detector stability. Compared to a standard gamma camera, this system provides up to an eightfold increase in count rate based on the acquisition protocol used for actual patient data, while achieving an increase in spatial resolution compared to conventional SPECT with filtered back-projection [1, [3] [4] [5] . The use of CZT crystals enables an improved energy resolution of 5% at 140 keV compared to 10% with a conventional camera. This may therefore facilitate simultaneous acquisition of multiple radionuclides, which would be of most interest for MPI, offering a single imaging session with exact image registration between the two image sets at rest and after stress.
The superior energy resolution permits the discrimination of photons of different energy which can result in not only reduced scatter but also, in the case of tungsten collimators, an ability to discriminate tungsten X-rays from the 201 Tl photopeak. An appealing extension is to simultaneously image 99m Tc and 201 Tl in a combined rest/stress protocol. We therefore evaluated the accuracy and image quality of simultaneous dual radionuclide (DR) MPI employing D-SPECT with rest 201 Tl and stress 99m Tc sestamibi imaging in comparison with sequential DR MPI using conventional SPECT.
Materials and methods

Patient population
Between November 2007 and July 2008 27 patients with a history of ischaemic heart disease were prospectively recruited from the routine referral base at University College London Hospital (Institute of Nuclear Medicine). Three patients were excluded for technical reasons, so the study population comprised 24 patients. The study was approved by the local ethics committee. All patients signed informed consent.
Adenosine stress protocol
Patients were instructed to avoid caffeine-containing products for at least 12 h and dipyridamole and xanthine preparations for 24 h before the test. Adenosine (140 μg/kg/min) was infused over 6 min 99m Tc sestamibi was injected at 4 min after the start of the infusion. All patients performed lowlevel bicycle exercise during adenosine infusion.
Conventional SPECT acquisition and processing protocol A low-dose sequential DR 1-day protocol was performed. Images were obtained with a dual-head camera (Infinia, GE Healthcare, Haifa, Israel) equipped with a low-energy high-resolution collimator (for 99m Tc sestamibi imaging) or a low-energy general purpose collimator (for 201 Tc sestamibi was injected during adenosine infusion. Images were acquired with 30 projections over an orbit of 180°, for 30 s per projection (average 65.6±30.35 min, range 45-160 min, after the injection, imaging time 16 min). Images were reconstructed with filtered back-projection, and a Hann filter with a 0.75 cut-off was applied. No attenuation or scatter correction was applied. The D-SPECT scan was performed on the same day as the conventional SPECT scan (Fig. 2) . A 6-min list mode gated rest 201 Tl scan was performed immediately after the conventional rest imaging. In addition, a 15-min list mode simultaneous DR (rest/stress) gated scan (120 projections per detector, 7.5 s per projection) was performed (DR D-SPECT). In 13 patients the conventional stress SPECT scan was followed by the DR D-SPECT scan (Fig. 2a) , whereas in 11 patients the DR D-SPECT scan was performed before the conventional stress SPECT scan (Fig. 2b) . In these 11 patients the DR D-SPECT scan was performed 35.4±28.8 min (range 15-91 min) after the stress injection, compared to 76.5±38.5 min (range 45-160 min) after the stress injection for the conventional SPECT scan. In the remaining 13 patients, images were acquired 107.2±34.25 min after the stress injection (range 66-184 min), compared to 68.2± 35.84 min (range 20-160 min) after the stress injection for the conventional SPECT scan. There were no significant differences in the clinical characteristics of patients in the two groups. Three of 11 patients who had DR D-SPECT imaging earlier than conventional stress imaging and four of 13 patients who had conventional stress imaging followed by DR D-SPECT imaging had had a previous myocardial infarction.
The DR D-SPECT images were acquired 177.4±51.8 min (range 88-300 min) after rest injection of 201 Tl. Data were acquired with the patient in a semireclining position with the left arm resting on top of the camera. A 30-s prescan was performed prior to the acquisition to identify the location of the heart and to set the angle limits of scanning for each detector, enabling region of interest-centric scanning.
The DR data were processed using a spill-over and scatter correction method specifically designed for D-SPECT. Briefly, the availability of list mode data permits the retrospective selection of several energy windows corresponding to the photopeaks for 99m Tc (140 keV) and 201 Tl (70 keV and 167 keV) and selected 'scatter' windows positioned below each of the photopeaks [6] . A representative energy spectrum is shown in Fig. 3 which demonstrates the windows selected. The measurements (N i ) in each of the energy windows (i; numbered from the left energy window as displayed in Fig. 3 ) can be considered to consist of several components: (a) photopeak counts from each radionuclide (P i ; i even); (b) scatter counts derived from each radionuclide (S i ), and (c) counts detected with reduced energy due to various effects in the solid state detector (T i ). Estimates of the spatial distribution of these latter two sources of photons were determined by measurement of point sources and were used to establish a set of six equations that describe the relative count contributions in each of the six energy windows.
In simplified form these can be represented as:
where S i is the sum of scatter contributions in window i originating from photopeak emissions j≥i, T i is the sum of spillover contributions originating from detector performance in window i originating from photopeak emissions j>i. These equations were used to determine scatter-free spillovercorrected estimates for the photopeak projections using a maximum likelihood algorithm. The algorithm and its validation have been described in more detail by Kacperski et al. [6] . The steps involved are: (a) use point sources to establish system-specific models for downscatter (source in water) and for spillover effects due to detector characteristics (source in air); (b) acquire in list mode with projection framing into the six defined energy windows; (c) solve the six equations using iterative maximum likelihood to estimate the photopeak counts independent of scatter and spillover; and (d) reconstruct the corrected projections using the standard Spectrum Dynamics algorithm. Neither spillover nor scatter correction were applied for the 6 min 201 Tl-only D-SPECT acquisition. Transaxial images were generated by a proprietary reconstruction algorithm (Broadview; Spectrum Dynamics, Caesarea, Israel) which is based on the ordered subsets expectation maximization method (OSEM) [3, 7] . Transaxial images were reoriented into short-axis and vertical and horizontal long-axis slices using quantitative perfusion SPECT software (QPS; Cedars-Sinai Medical Center, Los Angeles, CA).
Visual analysis of perfusion images
Conventional SPECT and D-SPECT images were visually assessed in consensus by two experienced nuclear medicine physicians (S.B.H., S.H.) on separate occasions, blinded to the scores given to the other imaging. Images were semiquantitatively scored using a 17-segment model of the left ventricle and a five-point scale (0 normal, 1 mild, 2 moderate, 3 severe reduction of tracer uptake, and 4 absent tracer uptake). The global summed stress score (SSS) and summed rest score (SRS) were calculated by adding the scores of the 17 segments from the stress and rest images, respectively. An abnormal segment was defined as a score of >1. A coronary artery territory was considered abnormal when by visual assessment the SSS was >2.
In addition, image quality was assessed for the two imaging methods on a four-point scale (1 poor, 4 very good). Gut activity was assessed on a four-point scale (0 none, 1 low, 2 medium, 3 high gut activity).
Invasive coronary angiography
Invasive coronary angiography results within 3 months of MPI with no intervening coronary event, procedure or change in symptoms were available in five patients. Angiographic results were obtained from the clinical angiographic report. A stenosis with >50% lumen diameter narrowing was considered significant CAD.
Statistical analysis
Continuous variables are presented as means±SD. Correlation for SSS, SRS and percent visual perfusion abnormality by DR D-SPECT and conventional SPECT were evaluated by linear regression. SSS and SRS differences of ≥4 were deemed significant. Agreement between the two methods was assessed by Bland-Altman analysis. Concordance between the findings of the two imaging methods in coronary territories was assessed using kappa analysis. A p value <0.05 was considered significant.
Results
Patient characteristics
The clinical characteristics of the patient population are shown in Table 1 . There were 24 patients (16 men, 67%) with a mean age of 64.5±11.8 years and a mean body mass index of 25.6±2.64 kg/m 2 . All patients had previously known CAD and seven (29%) had previous myocardial infarction. 10 Tl D-SPECT images in these two patients were normal, suggesting that the defects seen on conventional SPECT images were attenuation artefacts.
A total of 408 segments were analysed at rest, and of these 48 (12%) were abnormal on conventional rest 201 Tl SPECT images, and 45 (11%) were abnormal on DR D-SPECT images. On rest 201 Tl D-SPECT images 41 segments (11%) of the 374 segments analysed were abnormal.
There was an excellent linear correlation between SRS from 201 Tl D-SPECT and SRS from DR D-SPECT (r=0.9968, p<0.0001; Figs. 4 and 5). Bland-Altman analysis showed very good agreement between the two imaging methods for SRS (Fig. 4) .
There was an excellent linear correlation between SRS from conventional SPECT and SRS from DR D-SPECT (r=0.9694, p<0.0001; Figs. 6 and 7). On Bland-Altman analysis there was very good agreement between the two imaging methods with a small shift (Fig. 6 ).
Stress images There were 17 abnormal conventional stress SPECT studies; all of these were also abnormal on D-SPECT. However, three stress DR D-SPECT studies were technically suboptimal due to gut activity adjacent to the inferior myocardial wall interfering with the interpretation of the studies, and these were excluded from further analysis. These patients were imaged by DR-DSPECT earlier than by conventional SPECT (DR D-SPECT at 15, 20 and 90 min after stress injection; conventional SPECT at 52, 55 and 160 min after stress injection).
A total of 357 myocardial segments were assessed under stress. There were 93 abnormal segments (26%) on conventional stress SPECT images and 113 abnormal segments (32%) on the stress DR D-SPECT images.
Kappa analysis showed excellent concordance in coronary artery territories between conventional SPECT and DR D-SPECT (agreement 96-100%, when a per coronary artery territory SSS of >2 was defined abnormal; Table 2 ). There was an excellent linear correlation between SSS from conventional SPECT and SSS from DR D-SPECT (r=0.9790, p<0.0001; Fig. 8 ). On Bland-Altman analysis there was very good agreement between the two imaging methods with a small shift for SSS (Fig. 8) .
Discrepant studies The discrepant studies are summarized in Tables 3 and 4 . Of the 21 stress studies analysed, in six perfusion defects were significantly larger on stress DR D-SPECT images than on conventional SPECT images (SSS difference ≥4; Table 3 , Fig. 9 ). In five of these patients DR D-SPECT images were acquired before conventional SPECT images (18-47 min after stress injection for DR D-SPECT compared to 45-100 min after stress injection for conventional SPECT) and in one patient DR D-SPECT acquisition was performed after conventional SPECT. The larger perfusion defects were seen in the anteroapical region (five patients), septum (four patients), lateral wall (two patients) and inferior wall (one patient). None of the patients showed a larger stress defect on conventional SPECT images than on DR D-SPECT images.
Significant differences at rest (SRS difference ≥4) were noted in three patients (Table 4) . Two patients showed smaller rest defects on both rest 201 Tl D-SPECT and DR-D-SPECT images compared to conventional SPECT images in the apical lateral and anteroseptal regions (patients 11 and 17; SRS difference of 4 and 8, respectively; Table 4 ). In these patients the DR images were acquired 185 and 150 min after 201 Tl injection, in contrast to conventional rest SPECT images which were acquired at 30 and 55 min after injection. However, the rest 201 Tl D-SPECT images acquired immediately after the conventional rest images showed similar differences in SRS compared to conventional SPECT images (Table 4) Table 4 ). This patient was imaged by conventional SPECT 39 min after 201 Tl injection, immediately followed by rest 201 Tl D-SPECT imaging, and DR D-SPECT imaging was performed 231 min after injection.
Image quality Image quality was good or very good in 22 of 24 conventional stress SPECT studies and in all 24 conventional rest studies. Of 24 simultaneous stress DR D-SPECT images, 21 were graded as good or very good and all 24 rest images were graded as good or very good. All 22 rest 201 Tl D-SPECT images included in the analysis were graded as good or very good.
Of the conventional stress 99m Tc MIBI SPECT studies there was low or absent gut activity in 13 cases, moderate in 2 and high in 9. Of the conventional rest 201 Tl SPECT studies gut activity was low or absent in 14, moderate in 4 and high in 6.
Of the simultaneous stress DR D-SPECT studies gut activity was high in 16 (3 of these were excluded from analysis), moderate in 2 and low or absent activity in 6. Of the rest studies gut activity was low or absent in 22 and high in 2. Table 5 summarizes the findings of coronary angiography, conventional SPECT and simultaneous DR D-SPECT in the five patients who underwent coronary angiography. A good correlation was observed between the MPI findings by both nuclear imaging techniques compared with the angiographic data. All five patients had evidence of CAD by angiography with stenoses in the left circumflex artery and first obtuse marginal branch in four patients, in the left anterior descending artery and first diagonal branch in three patients and in the right coronary artery in three patients. In three patients there was a good correlation between the extent and severity of the perfusion abnormalities on DR D-SPECT images and conventional SPECT MPI images and both were concordant with the angiographic findings. In the remaining two patients (patients 19 and 25) there were larger stress perfusion defects and more inducible ischaemia on the simultaneous DR D-SPECT images compared to the conventional SPECT images (Table 3 ). Figure 9 shows images from a patient with more severe and extensive stress-induced defects on the DR D-SPECT images than on conventional SPECT images. Tc sestamibi or tetrofosmin), similar to the injected activities in the current study, resulting in radiation exposure comparable to that of the standard 1-day 99m Tc single radionuclide protocol. The average effective dose to the patient was 11.9 mSv for the Tl/Tc protocol vs. 11.2 mSv for the Tc/Tc protocol [9] . Since the solid-state D-SPECT camera shows improved energy resolution for CZT compared to that obtained with NaI with good energy separation for multiple radionuclides [4] , simultaneous imaging with multiple radionuclides is possible with D-SPECT as was demonstrated in the current study. Processing is needed to correct for spillover from the higher energy radionuclide to the lower energy radionuclide, as well as spillover resulting from broad photopeak tails that are present in the pixelated CZT detector. Validation using phantom experiments forms the basis for a more detailed technical paper [6] . These preliminary data suggest that simultaneous DR imaging using 201 
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Tl and 99m
Tc is feasible with D-SPECT [6, 10] . A single imaging procedure acquiring simultaneously stress and rest data is highly desirable for MPI, enabling exact registration of both datasets. This may enable improved detection of small changes in regional perfusion and is likely to allow easier detection of attenuation artefacts [11] . In addition, imaging time can be significantly reduced, increasing patient throughput and shortening patient stay in the clinic. Only a few studies with simultaneous DR imaging have been performed using conventional gamma cameras [12] [13] [14] . However, in these studies the lower energy 201 Tl window data were substantially contaminated by the higher energy and higher activity of 99m Tc. In addition the lead X-rays originating from the 99m Tc activity can also confound the results, and therefore this protocol was eventually abandoned. Recently, Steele at al. assessed a prototype triple-detector multi-pinhole SPECT system for stress 201 Tl/rest 99m Tc MPI, with promising results [15] . D-SPECT utilizes tungsten collimators with X-rays that can be largely isolated, thanks to the improved energy resolution of the CZT detectors. In addition, the use of pixelated CZT detectors results in spatial resolution with 201 Tl similar to that with 99m Tc, unlike conventional SPECT where resolution is degraded with 201 Tl. The current study is the first clinical study of simultaneous DR MPI using a solid-state dedicated cardiac camera. With radionuclide doses used in this study, the solid-state detectors along with the spillover and scatter correction reconstruction enable a single 15-min list mode acquisition with D-SPECT, compared to two separate stress and rest acquisitions of 16 and 21 min, respectively, about 2 h apart. Of note, due to the lower Of interest, in 6 (29%) of the 21 stress studies analysed, perfusion defects on the stress DR D-SPECT images were larger than on the corresponding conventional SPECT images, including 5 of 11 patients with DR D-SPECT imaging early stress compared to conventional SPECT (45%) and one patient imaged after conventional SPECT. In one patient ( Fig. 9 ) with coronary angiography available for comparison, the early stress DR D-SPECT images with larger perfusion abnormalities correlated better with the angiographic findings. Large perfusion defects early after stress have been previously reported with 99m Tc tetrofosmin [13, [16] [17] [18] [19] . Ito et al. found that the defects at 10 min after stress were significantly larger than the defects at 70 min after stress. Therefore the authors recommend acquiring stress 99m Tc-tetrofosmin images within 10-35 min after stress [13] . The present study also demonstrated significantly larger perfusion defects on DR D-SPECT images in 55% of patients imaged 15-47 min after stress injection compared to 47-100 min after stress imaging by conventional SPECT. These differences were not demonstrated on the rest 201 Tl DR images of the same patients, and were also not seen on the D-SPECT images acquired following conventional SPECT except in one patient (patient 19; Tables 3 and 4) . Previous studies with a 99m Tc-sestamibi stress/rest protocol comparing D-SPECT and conventional SPECT with D-SPECT performed following the conventional acquisition Tc protocol. The rest images were acquired for 4 min within 2 min of rest injection [9] , in contrast to the current study the DR data were acquired for 15 min 75 min after stress injection on average, and 35 min after stress injection in patients with variable liver and gut activity imaged "early" because of possible interference with scan quality.
Fewer discrepancies were noted between the rest DR D-SPECT images and conventional SPECT images. In two patients defects were larger on conventional rest SPECT images than on rest DR D-SPECT images. Since the DR acquisition followed conventional rest SPECT acquisition there could have been redistribution of 201 Tl between these two acquisitions. However, findings on the rest 201 Tl D-SPECT data acquired immediately after the conventional rest acquisition were very similar to rest DR D-SPECT imaging findings (Figs. 2, 3 Table 4 ). Backus et al. [21] in 102 patients injected with 201 Tl at rest and imaged at rest and again after stress found no significant differences in tracer activity in normal and ischaemic regions between the two acquisitions. The results of the present study are consistent with this observation. In one patient the defect on the rest DR D-SPECT images was larger than the corresponding defect on conventional images, raising the possibility of downscatter of the 99m Tc photons. In this patient, however, the rest 201 Tl D-SPECT images did not show a significant difference from the conventional rest images or from the rest DR D-SPECT images; therefore the reason for this discrepancy is not clear (patient 19, Table 4 ). The discrepancies noted between the DR D-SPECT and conventional SPECT images may have been due to the better sensitivity and resolution of D-SPECT and to the scatter correction of DR images.
Study limitations
One limitation of the study was that the injected radionuclide doses, although reduced, were typical for conventional sequential DR MPI and had not been optimized for DR D-SPECT. These doses and the imaging protocol enabled comparison with conventional SPECT. Following these initial results further developments of protocols such as a simultaneous acquisition of rest Tc-labelled tracers [12] . With improved sensitivity of D-SPECT, the relative injected doses and the time of acquisition can also be modified in future studies, to reduce radiation exposure and spillover.
In this study 201 Tl was injected at rest, but the simultaneous DR images were acquired after stress. This has been recently addressed by Backus et al. who did not find significant differences in tracer distribution in normal and ischaemic myocardium in a similar setting [21] . Indeed in the current study we also did not observe significant differences between the rest 201 Tl D-SPECT images and the rest component of the DR D-SPECT acquisition acquired after stress.
The small number of patients was also a limitation of the study, although all our end points were reached despite the small number.
Another limitation in our comparison was that the DR D-SPECT studies were corrected for spillover as well as for scatter, whereas scatter correction was not part of the normal clinical protocol with conventional SPECT and was also not applied to rest 201 Tl D-SPECT. This may explain some (slight) differences between the imaging techniques.
Conclusion
The current study is the first clinical study of simultaneous DR MPI using a solid-state dedicated cardiac camera and demonstrated the feasibility of simultaneous DR imaging with D-SPECT using reduced 
